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Magnetohydrodynamic Modelling of
Interplanetary Disturbances Between

the Sun and Earth

Fh,,Ol~ orinl.I;I! s 1 101 c-tt'tm S m interactions and their effe-cts

up)n thi- solo ani i in plana im no etic Field ( IMF) aire now generally
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geno me LCst ns. Thus, rOhe ndfor long- range forecasting (on a time scale

of toatw' hours or e~ven sevetal I ax's) has become clear. An 1\111) model, together

%Nith evrloptoriional sparecrafts that can pi ovide continuous 'ground truth''

in the solar -.%in]J, is ain obvious candidate 1',r a key-, role in providing this- need.

This pape-r's putrpos e is to dentonstrate- the capability, unique at this time to

rOut knOI.ledge-, of aI self-eons istfent ZINlJ I) model to produce opetat ional forecasts

hat e spec ifica lI 'lirected to the follow ing questions:

(1) Will a solar disturbance affect the geophysical environment (specificaill.-

ronos-mpherie aind mragnetospht-ric disturbances) 'tand, if so,

(2) When w'ill ai geonagnot ic storm start '

(C) 1lo-t long %%ill it last I)

(4) fl,)o severt . ''sill it be,
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It io emphasized that the MHD model that will be discussed is a development in the

long tradition of simulations of initial-boundary value problems that are solved

with numerical finite difference solutions of partial differential equations. The

model is not a kinematical approximation as performed, for" example, by

Hakamada and Akasofu for, the kind of heliospheric problem addressed here.

More specifically, we will use the model devised by Wu, Dryer, and Han. 2 This

non-planar model (so-called because it includes all three components of the solar

wind plasma and IMF) is the most recent development that follows upon the ear-

lier work of Wu, Han, and Dryer; 3 Dryer, Wu, and Han; 4 D'Uston et al; 5 and
6

D tUston. The earlier work clearly demonstrated the development of fast-

forward (as well as reverse) MHD shock waves, their asymmetrical propagation,

as well as their multiple interactions (as in the well-known, multiple-flare situ-

ation in August 1972). It was, however, restrict-d to only two components of the

plasma bulk velocity and IMF in the ecliptic plane as a consequence of its purely

2-D formulation. As part of our long-range program (that includes a fully 3-D,

time-dependent formulation), a non-planar extension to the earlier 2-D studies
1was incorporated (Wu, Dryer, and Han). This "quasi-3D or "2-1/2D" formu-

lation now makes it possible to relate solar disturbances to geomagnetic disturb-

ances via the studies reviewed, for example, by Smart, Garrett, and Shea.7 We 

have in mind, more specifically, the use of solar wind parameters as proposed

by: (1) Perreault and Akasofu8 who advocate the use of the energy coupling function,

1. Hakamada, K., and Akasofu, S. -1. (1982) Simulation of three-dimensional
solar wind disturbances and resulting geomagnetic storms, Space Sci.
Rev. 31:3-70.

2. Wu, S.T., Dryer, M., and Han, S.M. (1982) Non-planar MHDmodel for
solar flare-generated disturbances in the heliospheric equatorial plane,
submitted to Solar Physics.

3. Wu, S.T., Han, S.M., and Dryer, M. (1979) Two-dimensional, time-
dependent MHD description of interplanetary disturbances: simulation of
high speed solar wind interactions, Planet. Space Sci. 27:255-264.

4. Dryer, M., Wu, S. T., and Ilan, S. M. (1980) Two-dimensiom"l, time-
dependent MIlD simulation of the disturbed solar, wind due to representative
flare-generated and coronal hole-generated disturbances, Geofis. Intern.
19:1 -15.

5. D'lston, C., Dryer, Al., Ilan, S. M., and Wu, S. T. (1981) Spatial structure
of flare-associated perturbations in the solar wind simulated by a two-
dimensional numerical MHlD model, J. Geophys. ties. 86:5 25-534.

6. D'Uston, C. (1981) Dynamique d-s Ondes de Choc Interplanetaires
Engendrees par des Pruptions Solaires, PhD thesis in Physical Sciences,
University Paul Sabatier de Toulouse, Toulouse, France.

7. Smart, D. F., Garrett, H.B., and Shea, M.A. (1980) The prediction of AE,
ap, and Dst at time lags between 0 and 3U hours, in Solar-Terrestrial
Predictions Proceedings, Vol. II, R.F. Donnelly, Ed., 11. S. Government
Printing Office, Washington, D. C. , pp. 399-413.

8. Perreault, P., and Akasofu, S. -1. (1978) A study of geomagnetic storms,
Geophys. J. R. Astr. Soc. 54:547.
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c; and (2) Burton, McPherron, and Russell 9 who advocate the half-wave rectifier

concept for the magnetosphere as represented by the quantity VB s [ where Bs is

the southward (negative) IMF component ... corresponding, later, to our positive

component, B 6 ]. Other workers have examined the statistical use of these (and

other) quantities for the prediction of geophysical parameters such as the AE,

Dst, AL, and Kp indices (see, for example, Smart, Garrett, and Shea; 7 Baker

et al;1 0 Clauer et al;1 1 Holzer and Slavin;1 2 Kamide; 1 3 and Kamide and Akasofu1 4 ).

There is no useful purpose served if the present paper were to advocate one

index in relation to another. We view our role as one that will provide all of the

parameters that are used to compute the cited indices once we are provided with

knowledgeable (even educated guesses!) conditions near the sun on a regular

basis. I This latter phrase really means a time scale that is dependent on solar

activity. I The former phrase refers to solar observations that can delineate not

only solar flares (radio sweep frequency, soft X-ray), but also those that can

infer the slower changes such as coronal hole (optical, magnetograph) develop-

ment or demise. Only time-dependent modelling has the capability for fulfilling

this requirement. Also, strictly speaking, a 3-D, time-dependent MHD model

is necessary when it is known that large latitudinal changes (compared to those

in the heliospheric equatorial plane) take place. We will consider this problem

in the future. Stated mathematically, our present quasi-3D model will, then,

assume that partial derivatives of all dependent variables (density, temperature,

velocity, IMF) with respect to the heliocolatitude, 0, are negligible in comparison

with those derivatives in the radial (r) and heliolongitudinal (0) directions.

Studies in IBD modelling of the interplanetary environment are incomplete

without direct confrontation with observations. It is essential that the MHD

models be tested in relation to the "ground truth' provided by solar wind plasma

and magnetometer instrumentation aboard spacecraft outside the influence of

9. Burton, R. K., McPherron, R. L., and Russell, C. T. (1975) An empirical
relationship between interplanetary conditions and Dst, J. Geophys. les.
80:4204.

10. Baker, D.N., Bones, Jr., E.W., Payne, J.B., and Feldman, W.C. (1981)
A high time resolution study of interplanetary parameter correlations with
AE, Geophys. Res. Lett. 8:179-182.

11. Clauer, C.R., McPherron, R.L., Searls, C., and Kivelson, M.G. (1981)
Solar wind control of auroral zone geomagnetic activity, Geophys. Res.
Lett. 8:915.

12. Holzer, R. E., and Slavin, J. A. (1982) An evaluation of three predictors of
geomagnetic activity, J. Geophys. Res. 87:2558-2562.

13. Kamide, Y. (1982) Comment on "An evaluation of three predictors of
geomagnetic activity", J. Geophys. Res. (submitted).

14. Kamide, Y., and Akasofu, S. -I. (1982) Notes on the auroral electr-)jet
indices (in press).

9



Earth's bow shock. We have performed such studies in the past as summarized

in several review articles (Dryer;
1 5 - 1 7 Wu 18 ' 19) and a doctoral thesis (D'Uston).

6

Further studies with the present quasi-3D model, however, are still needed before

it can be used as an operational tool by AWS forecasters. Fortunately, multi-

spacecraft observations by the Helios, Voyager, Pioneer, Prognoz-8, ISEE-3,

and IMP spacecraft are now being provided by various experimental groupsa20-23 ai24 25 2

(Burlaga et al; Dryer et al; Intriligator; Klein and Burlaga; 2 6 Richter

,t al;2 7 Zastenker et al;2 8 Intriligator and Miller; 2 9 and Borrini et al. 30) These

groups are delineating properties such as the global extent of flare-generated

shock waves, energetic particle modulation, IMF distortions into "magnetic"

clouds, and post-shock plasma properties in everincreasing detail. We plan to

make comparisons in the future of multi-spacecraft observations with the predic-

tions provided by our MHD model.

Prior to such a massive undertaking, however, it is necessary that general

properties of some canonical examples be provided by the model so that major

physical properties can be identified. Such is the purpose of the present report.

Therefore, we will examine the interplanetary disturbances that are produced by

a canonical set of flare-generated shock waves.

2. ANALYSIS

The governing equations for the time-dependent, non-planar MHD problem

are mathematical expressions of the physical conservation laws. For convenience

of numerical computation, they are written in quasi-conservation form in spheri-

cal coordinates and specialized for the equatorial plane (0 = 900). The equatorial

plane may be either the ecliptic plane, the solar equatorial plane, or even the

equatorial plane in a tilted heliospheric coordinate system. The latter system

may also be a candidate for the present analysis as a consequence of the discovery

of the solar current sheet (for example, Rhodes and Smith3 1), the empirical study
32 1

of Zhao and Hundhausen, and the kinematic study of Hakamada and Akasofu.

A schematic sketch of heliospheric space is shown in Figure la with the two

cross-hatched planes indicating the meridional plane and the equatorial plane of

our analysis Figure lb. We will consider a 1800 segment of the latter plane.

The general equations for the conservation of fundamental physical quantities

(neglecting dissipation, except at shock waves) in mks units are identical to those

given by Wu et al2 and, for completeness, are summarized in Appendix A.

Because of the large number of references cited above, they will not be listed
here. See References, page 25.

10 I0I
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I'iEure la. Illustration of the Spherical Coordinate System
rind Hleliospheric Space. The equatorial plane is chosen
Cor nalvsis
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The ambient steady-state of the interplanetary medium is obtained by setting

a( )/at s 0. The result, within our domain of supersonic/super-Alfv~nic flow,

is a 1-D flow with a canonical Archimedean magnetic-field topology in the equa-

torial plane (Figure la). Initial conditions, including small meridional velocity

and magnetic field components, at the inner boundary (taken at 18 R where H

is the solar radius) are varied until the desired representative values of the

various plasma and field parameters are obtained at 1 AU. The parameters at

1. 10 AU and at 18 R s are given in Table 1. The computational domain can be

adjusted to suit the particular problem of interest. The present code can handle

problems in subsonic as well as in the supersonic flow regime; however, for

subsonic flow problems, the boundary conditions should be modified to satisfy

the compatibility relations and non-reflective boundary conditions. The latter

requirements have been considered in several solar-oriented problems (see, for

example, flu and \Vu; 3 3 and Wu et al. 34) but not, as yet, in the present code.

Table 1. Initial Steady-State Solar Wind Conditions

Parameter 18 R 1. 1 AU5

n 1.8 '- 10 3 cm' 3  10.0 cm - 3

V r  250 km/s 360 km/s

VO 0.2 km/s 4.4 x 10 - 3 km/s

Vt 4.0 km/s 0.5 km/s

B 300 nT 2.3 nTr

130 1 nT 4.4 < 10 - 2 nT

13 -30. 0 nT -2.0 nT

T 1. 1 x 106 °K 3.3 x 104 oK

With respect to grid size, we chose 6r 213 s and n O = 30. To cover 1800

of heliolongitude and radial distance just beyond 1 AU, 111 radial positions and

:33. lu, Y.Q., and Wu, S. T. (1982) A full-implicit-continuous-Fulerian (FICE)
scheme for multidimensional, transient rnagnetohydrodynamic (MHD)
flows, J. Computational Phys. (in press).

34. Wu, S. T., flu, Y.Q., Nakagawa, Y. , and Tandberg-Hanssen, F. (1982)
Induce.d mass and wave motions in the lower solar atmosphere,. I. [.:ffcts
of shear motions on flux tubes, submitted to Astrophys. J.

12



GU a7 inmuthal posit ions were required (Figure lb). m--ailer grid size would result

in better rosolution of the flow field at the oxp'n~e of la rger1 computer storage.

Numericail results with the present grid size showed relatively good accuracy.

E~ach of our slrfaegnatdMliI) shock pertturbat ions was introduced

ait the lower boundarty lasting a tin, me t, with a ramp input and decay (to elimi -

nate nume rical instability) at eac-h s i.' of the ti-ivtporl duration. Tht. Rankine-

1 lu! oniot MID shock jum p conditionsi were s e)a rately solved for an a i-bitra-i ly -

stleet.'] shock velocitY taking the lower boundary stea ('a v state coniit ions (Table

1) as the- pr'r-shmel' ''rndjtions. 'l., computed post-oshock condlit ions were then

taiken at the coter (' , 11) of 1 24 0 lonaitudinal exte'nt in our, equatorial pla~ne-.

lThus. the shock's cetr al m.r-idian (CMA) is lonra :t 6 at 30o, 111'a sured count -

*-r-lockw isi' fromn ih. lior-i:'ootal axis in Fiure( 11). We as-sumedL a sinusoidal

,1'--e:)v of th,- post -she,)-k 'omlit ions to ,'ith,-r siul'' of this shork wNave- in order- to

simlat tie Niseri'-of an Syme hal shiock 21n-1 or iginally, by., out-

'Cainonicail s olart fla re. We %% ill r-xaiiri trlotra Ithat is, 180 0 equator ial plan()

snapshots; of !:iragiri field torroli'L!, and t'nlpfrrature,' a)sa ell :is the,

t im"- se ries of the, -: aiuus prop.-ri'- as n ' -:sutI bx a hypoth',ticzlI obser-ver

aIt twto radlial rts it ion.S, 0. )' At a ri- 1 Al a nu Ii.' fla r -'s CAI and at tw o addi -

ional hr'liolonLgittuliriml positions of 33( )W iand 90"W of tire, (M (FigoUr' ib).

('orrputations; ri-i'trt' or :I wi]'- an of shock velocities, 17 1 at

tIh , -t' of r he arc shown in lifTi re Ib t- li 181 00 1000, 1-)00. 2000, 3000,
-1

arid :1300 k11 so.c . T'he if'rrpor-aI lIur-ation. -It of th-. sirriulatel flare was taken

fir m ost of rth''s(- shock veoiias 1800, 3r0 0, _)400. ;md 7200 sec. The'se

lo11t r'- fiau ' s :I r.- has.'], rat0r1 1-1 rs c nlv ili eli is entative (characteristic)

tial'( dura-tions; of intt-Lgr-atr' s oft N-riv Flux ohs-r var ions hv i-arth-or'biting

spa eec raft. W -.atill dis-cuss only-, the caise, NV -3000 sec- 1 (5400 sec), in his

reoport in order to Ito-os attfq inin onl e':Sentiail phYsical feature.s of the, inter'plan-

erarv (list urrzrnc. betwee ,n tin' s;un and ~a r-th.

31. GEFNERAL. RESU1LTS

'This section aN ill ronsilt-. somrie ra'prrtttrrt aivi' , es-sr'nt ia I results for' the

ea-se rrr'ntiurn'd in Secrtion 2. A detaile-d 'xariirination of ftr' cirahilitx. of Hte

rurrie-iCaI rod' to pf'oduc,'psral--lvn additional quaxrt rtie' is [grvf'n rn

A pponulix 1t for- tire sa'mecae

For the( purpose rof illustration, wve will discuss hereP only- the- '';ults Lg'n'r-

at]lr 'lt' that ie rates ain into'r-lla neta 'Vshoc k a ave a itlit a, velocitY ofr

3000 krm sec at1 18 solnr radlii. 'let-rirporail dur-t ion of this large( flat-' (as

131



OIit lia t I lit a hyxpot Ill -ti sof ) N -t;' ra ' ttor 1ion, int'I , j'.'r thver.ijslk)

i-; taiken to be 31 l 5400 ,ivc.

iut,' 2 shows the' contoulrS Of totall prco .url. pi'rt.1 rt lr the' cqwnui -

ni:tl plane' at t 0, 20. 2. 40. 2, atW AT I hr Mfel iniiitin ,I Ii. live. *I heI,

:11-c'ati l bhle by a iopal ithliic ,(-:Ile fort' o io [ 2ikl It PJ ill oh uits

'I fI\'u,'s cmIt [h 'Ii,ssio Arvchiiij Janil qniir I is litt>1eti 0 i.

1i s-, hl ii'vet , sin% in t subsequetnt li 's, sllperi!Ipn I s'Iupo! n~' it In -s> up

)'-tl's; :Ith rI :lt 'Itti shock ,%ay. 'xp\)TAn~S to'.':i I !.:t Ill', ) hmli.

ll :itein ionl ti til ovl na1ijlinIun Of t i 10t:1 pli meso I- Illt ha 11 , in th'. fpii

if it,, moist 11%11'' M kinkini! (note' tin' S-sitapil rev"I sal> 1i is oi:Iv 113a1

ii~ -fiel'i I otattoti is iii.' to the a;Iuok's passalg. thronugh Ih, sola t '.. inul.S

i,'tilvd phyic''is df this fawme vit'. ijsmisso in Apprmhix K. I At I , ai ihit It,'l

;l i.'t'~l :i .tIs iti' I'.tecits tuit~ii pressures thaIt ate htigh,.! thiatt Ih- e a Ii, r

uti fistur'V.1 v:, Ins it th.V salt.'c moat ions.

I'ho basic pat zlainc,'ti' sonir t inA volo.'it v is il'iii', i hr l I linu!i o3

is a evolviniz 3-iD s utfic. iv tin' qualtatti 0 - o -' 90_ is sltmnt sn that il,

iinisu~I~'d a 'a'istit,'sol:ir \% ittn iod ntoi'n it) ii.'ioiittgi iii.) iV slioN I)

in Iilgut. 30~). Theii :ilt'~ t tinl, lo%%et' left cornter'i of eaih su1bset C it' iii> 'uii'

shiiiplv tepresenots a lis'oti w n','e of thie 'aloulat ott hey itt 1. 1 At itt, iiihic'-

for,,, shouldI be i gnore1. (Wi', plan to oe i Th ti'0o tpultat iolIn Ioloii itl it',

futute. )I It is seen, in F'igur'e :3(b), that tho .'olt 1';il, sI roilpist porl itn of thi'eas

fo!t'n:ii'd shok k is about tht'na-foutths of the. Vistatt.I iiih o t otbit. [Ai'

fais t rt'e vet'-ss s hoo k'I st I'o ngoestI pot joti , i s :,Ilso so, i it th iis f igni fo t r' t I 20 Ill

(Note that the large' velocities, as ittdic:tti'd in till, figu e ' title, t'i'qUi!'.'l ai so(ti

ichange front that used in til othot' paits of the, fiure. )I Atih ituat ion o!' till, shock

Aiiavi in tll,. h.'rolongituIrinal dir'ecition is -la~ 'Iv enfvln ititt't 1

i',vei is.' shocks . jiot ion of till. fast fo'wa i' shoc k tin nit' Thie o0rIa:i1tl ('XC .,pt COI a

ionitLjtIah~II tinant at -0 it01t00 is alsn s.''t itt 1-ipiti 3b). Ile, fis '' se

shriek passs out oif the domitain ait till later tjin.'5 (-,,)0 h! ) its niote ill I iL'jut. c

artl I AC(1) .As tih' fito [gradually returns to tii. origittal st.':ii\ -sItt' cotndit ion ii

note. sieteral i'rilve','t ntlativoly-highert vi'loijt !*jiis' lt r1 e "Iu'-

lee', a'ounrl the t'ariinlly-oxtonld.d IMFl. lTe ridge's re.pi'is.titl lit.' loc'i of s cvol.'t'

shor mode. wa)v.s that at'.' thel ttinlitear t'iouttte rt of ific, it 'ii-kivir i n tl iti

th.' Friedrich's phase M''ooitv diagatti. it is i'.'ialli'l that the' siro%% Iirn't piii:-

pat inn Veetots ate testrict,'ri Ii ;rtiuilit extentt aIriut t'e loca Ji tonl it' tIli.,

matngnetic fieltd. 'igut'.s 301' - 3Q) shm the longituditnal titiott, :inil av fort !it,

original s;hock's CI, town i both lowe' aind higher valutes of 0

Figure 4 shows, in a littl setH's fottta, ITAribrl 'i'iiit, 1,rst ip.T

atut'.', :iTill l1\ll total mtagntitude' at 1. 0 At'. liguti' 4(:0 4(i) shun il it i,,

14
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Figure 3. lHi-i' -dimensional, Polaii Vie%% of thii Solar \k ind Vdoc ity Surface,
Within livh Quzidranft 0 - C 90(). Since the coiiputationnl dfomain is terminated -it

1. 1AVthovelocity :ippea is as zvi o usidot I his distmice i hspeetto n
should, together. with the veiirai I'-ijftr,, be ignored. The outer boundar cNiondi -

tin ;low, For " iinuous flow th rough it asindlicate b,,tosot ps,-g r
fo exIi phi', the forwarmd and reverse shocks through v 1. 1 AU: (a) 1 0 hir

(inibi ent * stvadIN-state, solar wind as given in [Table 1), (b) t 20 hir [cromplet e
striuct ure of the "distu~rbanc e is containel withbin the comlputatioflal dloiain. Note
scale rhainge romipa red with (a). (LV),nlax G; 18 kmi s ec -l (c) t -40 hir I fast
forward shock has nearly coompleted its passage through the 1. 1 AU radial posi-
i )In. (.IV)111ax within the coimput atilonal domain is 383 kmn sec-1 1, (d) I - 4;0 hi

Istrongest portion oif the fast reverse shock is appr'oaching the 1. 1 AT' i'adinl posi-
tion. (. V1I.ax 295 kmy sec-1i, (e) t -80 hr (strongest poil ion of the fast re-
vctlse shock has passed through the 1. 1 All iradial position. (LV) 196 kin
sec r11, (f) t 100 hir I fast reverse shock has comrpleted its passage thfrough the
1. 1 AF i'adial position. Multiple, radially-aligned I'ridges" are remnants, via
slow mode, wave propagation, of the original disturbances. (,LV)m 100 km

s IcI(. aind( (g) t 160 ir (continuation andi gradual attentuaino su'ac
and return to ambient conditions. (LV)m-ax G0 ki sec-1l
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Figure 3. hr e-dimensional, Polar, View of the Solar Wind Velocity Surface
Within the Quadrant 0 - ¢ - 900. Since the computational domain is terminated at
1. 1 AlU, the velocity appears as zero outside this distance in this presentation and
should, together with the vertical "cliff", be ignored. The outer boundary condi-
tions allow for continuous flow through it as indicated by the smooth passage of,
for example, ther forward and reverse shocks through 1 - 1. 1 AU: (a) t 0 hr
(ambient, steady-state solar wind as givpn in Table 1), (b) t = 20 hr Tcomplete
structure of the disturbance is contained within the computational domain. Note
scale- change compared with (a. (IV)rrax - (;18 km sec-lI, (c) t - 40 hr [fast

forward shock has nearly completed its passage through the 1. 1 AU radial posi-
tion. (GTV)rax within Ihev computational domain is 383 km sec- l, (d) t = 60 hr
[strongest portion orf the fast r(,verse shock is approaching the 1. 1 AU radial posi-
tion. (AV)Max 295 km sec-l, (e) t - 30 hr Ist congost portion of the fast re-
vers, shock has passed through the, 1. 1 AU radial position. (AV) max 196 km
sec-l1, (f) t - 100 hr Ifast reverse shock has completed its passage through the

1. 1 AU radial position. Multiple, radially-alignod "ridges' are remnants, via
slow mode, wave propagation, of the, original disturbances. (LV) ... 100 krn
sec- 1 , and (g) t 10 hr icontinuation and gradual attentuation of disturbance

and return to ambient conditions. (,_ V) 90 km sec
- 1

i (Contd)
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series at the CM of the flare-generated shock pulse. It is seen that the fast

forward shock arrives at 1. 0 AU at about t = 24 hr and a more well-developed

fast reverse shock arrived at about t = 60 hr.

MHD SIMULATION AT r 1.0 A.U.
CENTRAL MERIDIAN
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Figurf, 4. "itni Si 'ii of I1?dial Solar Wind V.locity, I)ensity, Telpcraturv,
and 'Total INII." Maanitudf, it 1. 0 All. CNM of flare-gonerated shock (;j-(])
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4. GEOPHYSICALLY-RELEVANT SOLAR WIND PARAMETERS

As noted in the Introduction, there is currently an evaluation of various

combinations of solar wind parameters and their statistical relevance in regard

to various geomagnetic indices. We have already implicitly answered the first

of the four fundamental questions posed in the Introduction. We have done so, at

least, for the case considered thus far: a uniform steady-state solar wind with

a canonical spiral IMF that is disturbed by a very fast shock at 18H,. namel-,

the case of V 3000 km sec , 2t - 5400 sec. Thus, if th(. *'arth were located5

at or within 90 0 W of the pulse's CM, we would reply in the affirmative to the

question: Will a disturbance (presumed to be known with sor, confidt.nce close

to the sun) reach the earth' We will study the case of larger angles, both west

and east of the CM in the future.

'I'he second question is, if a disturbance will reach the earth's mtagne,t,-

sphere, when will it begin' Arrival of the fast-fo twa rd shock wave at the mag-

netosphere will produce a storm sudden commencement. (Whether a stormr main

phase will follow is discussed later. ) We have intensively examined the, cas,

mentioned in the preceding paragraph. As noted earlier, we also studied a % ide

range of initial shock velocities and flate duration times. ''h,' r:m ' of initial
-1

velocities was 500 - V 3500 km see and 3t600 - At - 7200 sec. As iot]ed,

details of the disturbed plasma and (All for. most of these cases are given int

Appendix B. The upper limit for' transit time is that given For th, case o tih,

original steady-state solar wind. Thus, the integrated transit time for" a test

particle moving at 250 km sec - 1 at 18l ('able 1) is 110 hr in all directions5

(since CM in this limiting case has no meaning). A test particle moving fast,

than this speed will obviously arr'ive sooner, at 1 At'. Thus. a stiall puist' that

produces only the three well-known MII) (fast, slow, and Alfvt'n) modes %%ill not

produce a fast shock until the dist urbanc e vt'locity exceeds tit' fast tinod,.. our-

lowest V exceeds this bound; we have not studied (lert) tht' cast' of purel lin,, r -

or even nonlinear, MI HD wave modes and their- coupling (rlthough our' coptr c

cod,' is fully capable of handling such situations). Thus, strictly speaking, our

results for shock transit time, shown in 1.igures 5(a) - 5(c), a pply only to t he

fast-forward shock wave. 'li' curves' upper bound is sim riply the 110-h11' transit

time for- the undisturbed steady-state solar wind. 'he curves have bten extrnpo-
-l

lated to V - 4500 km sec as part of our polynomial Cits to the individual points

found from ourt mor, restricted study.

We- made no attempt to ext'apolate below or above the assumed s,,t of "Fla r'

duration" times, t. ('lassically, a shock wave thal r'sulls from a delt a function

iptrt of energy is call'd a "blast wave"'. (W l'nv e tih, interpolation of tis case,

At - 0, to the t,'lador.) ligor'ou-ly, tlh,n, all of ut' shocks art' r'.ally

l1t



(a At W XSEC
FLAK IuRATIN b 6t -' sir

C At U;',;J sC

FLARE CENTRAL ERLAN ((M) 33° WEST OF CM 9" WEST OF CM
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i00, Amj tM 4)(1 i'M Mti 3M 40x 1000 2(UE W!1

INIIIAL 'WK VELOCITY AT 18 P (M SEC-)

Figure 5. Shock Transit Time to 1. 0 AU. The initial shock velocity is as-
sumed to be known at 18Rs; no allowance is made for the transit time from
1 .0 - 18R S . The "flare duration" time is assumed to be known, on a heu-
ristjc basis from the temporal profile of the soft X-ray flux (for example,
1-8t) from a given flare: (a) CM, (b) 33

0 W of the CM, and (c) 90°W of CM

piston-driven" shocks because At is finite. Since our choices for Lt are small

relative to the transit times for most of our V s choices, we would be justified in

referring to these shocks as "blast waves" only after Lt has been completed and

the elapsed time is large compared with 6t. As a counter example, for the case
-1

of V ',> 3500 km sec and At > 7200 sec. and at CM, the shock transit timie

will be of order of 10 hr. If 6t were of order of 3 to 5 hr, we should refer to

such a shock as "piston-driven" all the way to 1 AU. In any case, Figure 5 pro-

vides a prediction (neglecting an additional, but small, correction for the transit

time from 1-18 s ) for the second, operationally-motivated, question: when will

the disturbance (read: fast forward shock for our study) reach earth? A final

caveat is important: Figure 5 pertains only to the representative solar wind

velocity profile given in Table 1, thus the transit times for other cases would

require revision upward or downward!

The third and fourth questions posed in the Introduction (how severe
" 

how

long') are much more difficult to answer, for the general case of spatially-in-

homogeneous photospheric, coronal and solar wind conditions, at best, and for

the temporal changes that are superimposed on such a background, at worst. We

will return to our "ansatz" or "canonical" example of the case V : 3000 km
-I s

Sec (Lt - 5400 sec) in order to offer straightforward answers to these two

questions. (ur answers are obtained self-consistently from the foregoing results

20



within the context of the somewhat controversial debate currently underway as

noted in the Introduction. We will, therefore, discuss our calculations for the

energy flux parameter. E, and the electric field, VB s . Note that the former is

evaluated in the fra-oe of solar-ecliptic coordinates (not solar-magnetospheric

coordinates). Note, also, that our velocity is the resultant magnitude of the

velocity (which coincides with other current usage). Our "B is really B 9 , whichz
is positive when directed southward (by virtue of our use of standard spherical

coordinates). Since B13, as used by magnetospheric physicists, is negative when

directed southward of the ecliptic, the reader is asked to change signs (mentally)

when comparing these results with those shown in magnetospheric papers on

this subject.

FiZure G shows the time series for c and V13 0 at 1. 0 AU for the case: Vs
-13000 km sec . At 5400 sec. If we were to adopt the recipe proposed, for

example, by Ilakamada and Akasofu, we would predict high latitude activity, as

measured by the A F: index, to commence at t - 24 hr (immediately following the
I -I

SC) when E rises to the first threshold of 1018 erg sec We assume, for this

exercise, that the earth's magnetosphere is located at (M. The second threshold

of 10 l r erg see would be breached at t - 26 hr when the rnignetospheric ring

current would develop, as measured by Dst. and the main phase of the geomag-

netic storm would begin with associated auroral zone motion and ionospheric

disturbances at lower latitudes. Interpreting the 1019 erg sec - threshold some-

what liberally, we might suggest that the Dst would fluctuate somewhat until t

38 hr, at which time the low to medium latitudes would recover to pre-storm

conditions. The high latitude activity would persist until c falls below 1018 erg

se e  at t -57 hr. Overall, then, one would suggest, on the basis of this exer-

cise, that the activity (when earth is located at CM) would primarily be located

at high latitudes, with a brief Dst perturbation. As for the fourth question, a

t:,ie duration of 57-24 - 33 hr would be offered as a prediction for the storm's

duration.

On the oth,,r hand, if we were to adopt the concept of the half-wave rectific:-
9

proposed, for example, by Burton et al, we would predict AEV activity commenc-

ing (as in the previous example) at t - 24 hr and ending at t -31 hr when V13 0 in

Figure t is positive (negativ,,, in the parlance of the magnetospheric physicists).

The large negative values in F-igure 6 would, in this recipe, not be relevant since

the !, component (DO in our parlance) would be northward during the interval

3 1 - t - O Ihr.

Clearly, these two rcipes discussed would also be used for the most prob-

able cases when the earth's tagnetosphere is at locations other than CM. We

hope it is clear to the reader that location relative to CM is not necessarily the

prime consideration. The strength of the perturbation (velocity) as well as the
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orientation of thte BO comiponent evolve in the (,a rthwai d Arit-ion follow ine some

kiri ofchave t te sn. enc, i isposibl (a shwn or-the33') Wposition

in the central panel of Figur-e 6) that c can be greatet- at positions other than CM.

5. CONCLUDING REMARKS

We have used :t time-de-pendent, nonpliaar. 2-1) Alit! cortiputert orodel to

sinmulate a niumber- of flar'e-genervated shock waves anA hi concomitaint effiets

on the- int etplaneta- mvniediurm. The examiipie of V._:i3000 kin a "r with an

assumed fla re (or-, equivalent ly, eneirgv input) t imae of :)400 sec.* was us']J as

detailed illustra;tive, rasv eA re presentat ive st eadv-state, solar- %%in(] with axial

syri mtr cv was assumed for, simplircit y as pa U iof this "ansa tz" pr-oblftit with

thr-ee cormponerits of' the velocityv ver(t. itr i magnletic field. Hten,% all riorilin-av

wave mode troupl irg is inc luled srI f-consist litlk.

Thke follow irig rira1jir reosult evolved frori the pr-esent atin of the r'orlet)14

sets of plaisma and IF pnir-,irevt r-s. Wfe have established the- fac: that the ardel

bII e saisfactor-ily usedl tormue:n,,fm(f goplvsirallv-relhvait solarf

wind par-ariit cc(uc as, r or- VII f on long-rangeo (- days) predict ions of vgeoria-

net ir and ionospheric activity. Futurev wortk rmust iricludole rtrospect ive tests

that eriplov bioth solar- and riult i-spacecirt olrs,-trvat ions for- specific intf' vals

of t imre. Per-haps seve-ral weeks before,. luring, aind aft e! one- ot1 nor- solar

flares and/nt- cor-onal hole evolut ionar- cvnuh-rvat ionm: should he a iiniriuri tern-

pornl r'angr' that should be used in ai test trid. for- the N1tt) oiolI.

Still tacking in the preosent wor-k is the iricorpoucat ion rrf addit ionat phyvsical

phenormena suc-h as niult i-fluids, di ss ipat ion (the rioa I conduct ion, vi seas iry, and

,eectrical refsistivity), and mt-vr initial -bounda- tva lue conditions that a re rior-e

rea list ira l1v r-eflective of the, changing miood (if solar- corndit ions. t''rhia ps the two

mrost irrpor-tant oriiissions in the pires,-nt work a re the incor-jrarat ion of hybr-id

kinetic 'fluid effets as discussed hiv Crper-m.,rn 35and WuP aind mir n' t.Alist ic

considerantions oif heat flux and non -Alaxwelliari uistiribut ion funtio ns, laist but

not least, even the moist priimit ive" vet-sion of the A11tIt1) rmordel ais discussed ler

must he t 'st ed by dir'ect con front.-at ions with a rnurmber, of spavlr- rft obse cvat ions

dur-ing spec ifir (that is, riot statist ira ) inter'vals of solar- inte r-panet a iv art ivit v

3t 5. ('upeiria n, S. ( 19112) Solar- wind t heo t-Y Spar.' Sri. Re v. (in press),
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Appendix A

General Equation for the Conservation of
Fundamental Physical Quantities

The governing equation for the conservation of fundamental physical quantities

without dissipation (except at shock waves) in inks units is;

aW aF aG
+ - + - s (A1)

where

2r p
r2p~

r 2p V
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and

0
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where
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p 2p wT (A7)

N I G
= s (A8)

The first term in Equations (2) - (5) gives the continuity equation for- conser -

vation of mass. The second, third, and fourth terms give the momentum equa-

tions in the radial, meridional, and azimuthal directions, respectively. The fifth,

sixth, and seventh terms give the induction equation in the same three directions

[again, a( )/aO m 01 with infinite electric conductivity governing the coupled inter-

action between the plasma motion and the magnetic field. Finally, the eighth term

provides the energy-conservation equation for our one-fluid system. This dynam-

ic system is assumed to be adiabatic and the symbols have their usual meaning:

p is the mass density; V (Vr, V 6 , V ) denotes the mass-flow velocity vector;

T is the temperature; B (Br., B6 , B ) denotes the magnetic field; p 2pI"l is

the gas pressure, accounting for equal electron and proton contributions via

31



Dalton's law; M s is the olar mass; * the gravitational pot ential; G the gravita -

tional aeeletration at th surface of the Sun (v l *); I the specific heat ratio

(5 3); and,) is the niaignvtic perneability in a vacuum. '[he indiependent varia-

hies mje time (t) and the radial (r) an] azimuthal (0) coordinates in this nor,-

planat (2-1), i-component) s,,stoi.
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Appendix B

Additional Results

\ ha;'v, pesentd neatimt results in thf. mnin text for the case: V - 3000-1 5
km sec l 5400 sec. In ord-r to examin, the more detailed physics, for

completeness we shall now outline some other interesting results in this appendix

1'or this case,. The "apability of the AItI) tiodi I to provide temporal and spatial

let ails of the distub'red interplaneta ry plasma and IAMF will also be demonstrated.

Figure B31 shows the I1t:" as projecled into the equatorial plane at t - 0, 20.2,

40. 2, and G0. 1 hr'. lec:dling the location of the shock's CAI (equivalent, essen-

tiall y, to the, flare's C 1), we note the rst ror ar d shock-induced deformation,

particulal\ along antd aIst of the (1. Of pnrticular interest is the reversed

[M'" polarity (from outward to inward) within the disturbed flow at t = 40.2 hr.

We will refer agrain to this feature and the, physical mechanism with which this

kinking is associated. As the shock recedes into the far, reaches (that is, beyond

1 AI in the prosent case) of the equatorial plane, the IDIF gradually returns (t

200 hr) to its pee-flare Architnedean topology, The numbers on the heavier lines

are constants ;associated with magnetic vector potential; they have no meaning

other than their usefulness in the identification (as time progresses) of the foot-

point of a particular fi(ld line at 18!' s .  These field lines have already been

shown, in Figure 2, superimposed upon the total pressure contours. HIere in

Figure 131, however, the distorted IlNIF can be seen more clearly.

Figure 132 shows the contours of log 0 'T together with the superimposed IIF

from the, previous figur,. The formation of the fast forward MIlD shock wave is
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HELIOCNRIC RWIUS (AD) ELIXThTRIC RADIUS (A)fi

Figure 1l3. Interplanetary Magnetic-field Line Defornatio( Following Introduction
of a Solar Flare-generated Shock Wave, Vs = 3000 km sec - and 5t = 5400 see.
(a) t 0 hr, (b) t 20.2 hr, (c) t - 40.2 hr, and (d) t = 60. 1 hr. The numbers on
the heavier lines are chosen by the computer (from the vpctor potential constants)
and indicate the original longitudinal position at 18R.

now observed more clearly. We can also observe the formation (between the

contours along the CM within the values at t = 20.2 hr, Log 1 0 T - 6. 0 and 6. 4) of

a fast reverse MID shock wave. See als , D'Uston et al, where this formation

was desci ibed in more detail. At t = 40. 2 hr, the shock is identified between

the contours of Log 1 0 T = 5. 6 and 6. 0. The reverse shock reaches 1 AU at about

t = 60. 1 hr. Note that the forward shock becomes attenuated as the position angle

of an observer increases to each side of the CM. The reverse shock is much

narrower; it too becomes attenuated at much smaller position angles. It is of

great importance to emphasize the substantial amount of heliolongitudinal

B1. D'Uston, C., Dryer, M., Han, S.M., and Wu, S.T. (1981) Spatial structure
of flare-associatpd perturbations in the solar wind simulated by a two-
dimensional numerical MHD model, J. Geophys. Res. 86:525-534.
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(a) t~ 0. 0 hr (b) t~ 20.2 hr
1.2 AUO 1.2 AU

4.4 (MIN) 4,4 (MIN)

1.2 0.8 0.4 0 0.4 0.8 1.2 1.2 0.8 0.4 0 0.4 0.8 1.2
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1.2 0.8 0.4 0 0.4 0.8 -1. 1.2 0.8 0.4 0 0,4 0.8 1.2

HELIUiXYdTIC RADIUS (AU) tf.LIOCOM IC RADIUS (AD)

F~igure 132. Tempe rature Contours, Together With Superposition of Deformed
I1\IF (at t > 0 hr), Following Introduction of the Shock Wave, V. - 3000 kmi
see 1 , t -5400 sec. Numbers are log 1 0 (oK)

0
spre'ading (beyond 90 ) accomplished by the shock whose original "angle of spread"

at 113 ws ony 20. Iisalso of great interest to note that the region of iMFi

polarity revi rsal (t -40. 2 hr) takes place in the vicinity of the r'everse shock.

We believe that, for- the present case, the reverse shock is a parallel shock

wht're the plasma tern perat ure gradient is the steepest, hence there is no intro -

duction of an azimuthal IAIF component. At 0 < 30 0(that is, east of the flare's

('M) the reverse shock is quasi -pa rallel, hence an azimuthal INIF is required on

thr' downstream- (anti-sunward) side of the shock. The subsequent bending of the

fl\IF moust be compatible with the azimuthal component generated by the eastward

flank of the fast forward shock (outside the computational domain at t 40. 2 hr).

'The net rf'sult is the spatially-deformed INMF as shown near (and eastward of) the

CM in F~igure 132(c).

Before leaving the temperature contours, we wish to point to another impor-

tant result: the outward miovemnent ne'ar CMI of a r'egion of temperatures that are
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cooler than the pre-disturbed values at the same points. We call the readers'

attention to the contours that intrude, as it were, sunward from the local mini-

mum. As time progresses, these sunward contour 'intrusions" become more

elongated. It can be seen, by comparison with the contours for t = 0 hr [Frigure

B2(a)i that the temperatures are indeed cooler than their undisturbed values

along this narrow heliolongitudinal corridor.

We have called this IMF and temperature behavior- to the readers' attention

because of its relevance to the observations of magnetic "clouds" (Klein and
B2 B3

Burlaga; Burlaga et al., and others). We will return to this point in several

additional discussions, regarding the density, total pressure, and plasma beta j

( = 167T nkT/J3 2).

Figure 133 shows the contours of Log 0 n (cm - 3 ) together with the superim-

posed IMF from Figure B1, The large extent of the low density, overexpanded

regions behind the fast forward MUD shock has been pointed out in eailier work

(Wu, Ilan, and Dryer; B 4 Dryer, Wu, and Han; B 5 and D'Uston et al. B1) and is

evident here again. Here, however, we can relate particularly-low minima with

the IMF twists and turns as outlined during the temperature discussion.

We also call attention to contours of plasma beta (3 = 16 nkt/B 2) in Figure

134. This parameter is of importance, not only in the context of discussions of

the magnetic clouds (Klein and Burlaga; B 2 1urlaga et al. 133), but also in the study

of the structure and foreshock characteristics of both forward and reverse shocks.

Plasma 3 (ratio of thermal to magnetic pressures) is also of great importance in

the eventual delineation of a hybrid linkage of kinetic and MIlD modelling of inter-

planetary disturbances in a self-consistent way. Figures 134(b) and 134(c) clearly

show the attainment of extremely-large values of k3 "'- 1 that ate co-spatial, m1oro-

or-less with the IMF reversal regions. We also see that the opposite extreme,

;3 << 1, occurs within the much larger region of the disturbed flow.

B2. Klein, L. W. , and Burlaga, L. F. (1982) Interplanetary magnetic clouds at
1 AU, J. Geophys. Res. 87:613-624.

133. Burlaga, L. F., Sittler, E., 1lariani, F., and Schwenn, 13. (1981) Magnetic
loop behind an interplanetary shock: Voyager, lelios, and IMP 8
observations, J. Geophys. Res. 86:6673-6684.

134. Wu, S. T., Hlan, S, M., and Dryer, M. (1979) Two-dimensional, lime-
dependent MHD description of interplanetary disturbances: simulation of
high speed solar wind interactions, Planet. Space Sci. 27:255-264.

135. Dryer, M., Wu, S. T., and Ilan, S. M. (1980) Two-dimensional, time-
dependent MHD simulation of the disturbed solar wind due to representative
flare-generated and coronal hole-generated disturbances, Geofis. Inttrn.
19:1-15.
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Figure B3. Density Contours, Together With Superposition of Deformed IMF

(at t > 0 hr), Following Introduction of the Shock Wave, V s = 3000 km sec
- 1

,
Lt = 5400 sec. Numbers are Logl0 (particles cm

- 3
)

As discussed in several earlier papers (Dryer, Wu, and Han;
B 5 Wu, Dryer,

and HanB
6
), the results of n, T, Ptotal' and 0 appear to replicate the character-

istics of magnetic clouds as observed and delineated by Klein and Burlaga. B2

The characteristics to be discussed are shown for only one case: V. 5 3000 km

sec-
I (At = 5400 sec), which is representative of the entire range of initial shock

velocities mentioned earlier in the main text. It should be remarked that we

made no special efforts to arrive at characteristics discussed by Klein and

Burlaga, thus they were derived in a completely independent way. We, therefore,

will continue to describe our results with comparative remarks, regarding the

magnetic clouds, left for a discussion later, in this appendix.

B6. Wu, S. T., Dryer, M., and Han, S. M. (1982) Non-planar MHD model for
solar flare-generated disturbances in the heliospheric equatorial plane,
submitted to Solar Physics.
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W= 54O SM

(a) t= 0.0 hr (b) t= 20.2 fr
0.09 (MIN) 1.2 AU -0.8 (MIN) 1.2 Ai
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Figure B4. Plasma Beta (0 = 167f nkT/B ) Contours, Together With Super-
position of Deformed IMF (at t > 0 hr), Following lntrodu-tion of the Shock
Wave, V s : 3000 km see 1 , Lt - 5400 sec. Numbers are Log 1 0

Figure B5 shows the fractional temperature change, (T - T )/T o, as the

shock and post-shock flow pass through one quadrant of the computational domain.

With reference to the half-tone scale given to the right side of Figure B5(a), we

note that a very high Mach number shock (which is not unexpected since the initial

velocity was so large) is seen at the flare's CM. The initial heating, of course,

gradually decays as time progresses; eventually, an expanding region of cooler

gas appears as seen at t = 80 hr in Figure B5(d). This result can also be seen

in the contour plot of Figure B2(d) which shows, at t = 80 hr, temperatures as

low as 103.8 K, as compared with original values I Figure B2(a)l of - 10 K

at the same location close to the flare's CM.

Figure B6 shows the fractional density change, (n - no)/n , corresponding
to the same times shown in the previous figure. Once again, as with Figures B2
and B3, we can compare the shock compression and heating, followed by adiabatic

cooling and expansion in the sunward direction until the reverse shock is
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IRO' .reTO

(C) W d 2 ~~

F igur e 135. Fractional Temperature Change, (T - T )/T ,Within Part (0
900) of' the Calculational Domain. Note that the central P8rtion of the fast forward
shock has left the domain. Also, note the large region with no shading (see half-
tone scale to the right of the lower right panel) with significant cooling relative to
the -Ambient, undisturbed temperature: (T - To)/TO -0.3

encountered. The faster velocity, sunward of the reverse shock (Figure 3), flows

through this discontinuity where a much lower level of heating and compression
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Figur -G rcinlDniyCag,( n)nWti at( - 0)o

the Computational Domain. Note that a substantial constantly -expanding region
or depressed density levels follows within the two shocks' wake. Part of this
region coincides with the depressed temperature region I compare Figure 13td)
with F'igurje 13(d))

takes place. The ovt-rexpansion that follows behind the reverse shock (and] its

attenuated longitudinal extent) is apparent in each of the boxes in Figure Ili; (as
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noted by the negative values in the keyed half-tone scale next to each box). Note

that the regions of depressed (lower than original steady-state values) tempera-

tures and densities I Figures B35(d) and 136(d)] overlap in a scale size that, at 1

AU, is about 0.25 AU in longitudinal extent. Comparison of these two figures

shows that the length-to-width ratio of the depressed density region is oriented

in the 0-direction, whereas that of the depressed temperature region is oriented

in the r-direction. We suspect that the region of overlapping, together with part

of the region of IllF reversals, may constitute a magnetic cloud whose plane of

minimum variance (of the IMF component perpendicular to it) is reasonably close
132

to our equatorial plane. Klein and Burlaga noted that their set of 70 candidate

magnetic cloud events included some (- 25) for which the minimum variance

direction was, indeed, nearly normal to the ecliptic plane.

Figure 137 shows the fractional change of total pressure, (Ptotal - Ptotalo

Ptotal 0 , where Ptotal 2nkT + B 2/87r. There is, of course, a rapid, precipitous

increase as a result of the fast forward shock compression and heating. An

observr at 1 AU along or near the CM wouid observe this rapid rise, followed

by a gradual decrease over a period of about 3 days, as suggested by the results

in Figures B 7 (a) - B7(c). Thereafter, for about 2 days, the total pressure would

be predicted to decrease below its steady-state value. This result appears to

contradict earlier discussions of cloud expansion due to high total pressure within

them. In fact, it does. The earlier discussions implicitly assume that static

equilibrium is present. By virtue of the time variance of all parameters at an

observing spacecraft (see Klein and Burlaga 2), the flow is time variant in the

spacecraft frame. Ilence, a simplistic determination of a gradient of total pres-

sure is insufficient to arrive at a valid conclusion concerning "cloud" expansion,

cooling, etc. Here, we have assumed, implicitly, that reconnection need not

take place; if true, extraneous bubbles might, in principle, float with the solar

wind or even move relative to the plasma like a projectile. We think it premature

at this time to require such exotic systems. Thus, we believe that a simple time-

variant system as described here is sufficient for a fundamental, self-consistent

understanding of the basic physical process for, at least, the shock-associated

magnetic clouds described by Klein ard Burlaga. 12

The discussion of temporal phenomena, as found by the MHD model, would

be incomplete without a presentation of the plasma and field parameters at vari-
136

ous observational points. In the paper by Wu, Dryer, and Han, we used the

example of V s = 1000 km sec - 1 to present all parameters (including velocity and

magnetic fields) at various points, each one considered separately. Here, we

use a variation of this former presentation in order' to emphasize heliolongitudi-

nal attenuation of the basic physical quantities: radial velocity, density, tempera-

turp. and total magnetic field at 0.3 as well as at 1.0 AU.
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I- rrom a practical point -of-view, the two Hlelios spacecraft move very quickly

through their 0.3 At' perihelia. tlence their hypothetical counterpart would

'sampl.'. only a short portion of the 200-hr series shown in Figure B7.)

FiLtures 8(a) - B8(d) show the radial velocity, density, temperature, and

tot:l magnetic field at the CIAl of the canonical flare that produced a 3000

ki sec - 1 shock wave at 18Ps, as used in the present simulation. The out-

standing features ate: (1) prompt arrival about 4 hr later of the fast forward

shock followed at t n 10 hr by the initiation and build-up of the fast reverse shock;

(2) raipid compression, followed by an extensive rarefaction to greatly-reduced

,linsities for about 50 ht before the recompression and very gradual return to the

pr-disturbed values of density; (3) rapid heating to a temperature of - 24 .< 106
0 K, which is common in a large flare; and (4) magnetic compression and rare-

faction, accompanied by the strongly-deformed topology shown in Figure B1, with

a recovery to only one-half its pre-disturbance value at the termination of the

simulation. This is a real result and not a numerical artifact; the azimuthal and

meridional IN1F components return very nearly to their pre-disturbance values

after the strong shock perturbation, but the radial component appears to respond

in a wiggly fashion as the slow mode wave moves outward as well as in the longi-

tudinal direction as discussed earlier in the discussion of Figures 3(e) - 3(g).

Panels (e - h) and panels (i - 1) of Figure B8 show the same parame-

ters at 33 0 W and 90 0 W, respectively, of CM. Noting the increase of the vertical

scale [ especially for the case of 90 0 W in Figures B8(i) - P8(1)], the delay (of

arrival time) and attenuation of the peak velocity, density, and temperature at

the forward shock (even at 900 W) are clearly seen. Note, however, that the peak

IMF is increased at 330 W (to 1,10 nT) relative to its peak value at CM (385 nT).

The reason for this result is straightforward when one keeps in mind the fact that

the shock propagates asymmetrically in a simultaneous radial and heliolongitudi-

nal fashion. At CM, then, the shock is very nearly quasi-parallel - but not quite

so; thus the IAIF jump is I from Figure B8(d)] only from 235 nT to 385 nT. At
330\, however, the shock normal inclination to the IMF (0n, B ) is larger than at

CM; hence the magnitude jump I Figure B8(h)] is larger, from 235 nT to 610 nT

despite some attenuation of the shock velocity in that direction. By 90 0 W, how-

ever, the shock velocity's attenuation overcomes the influence of a quasi-perpen-

dicular value of 0 and the jump [Figure B8(1)I is from 235 nT to only 297 nT.

Further, we explored a simple variation to our ansatz problem. What would

be the Earth-oriented effect on e and VP O if the Pe component at 18R s were

initially an order of magnitude larger (10 nT) than the value, Boo - 1 nT, as used

heretofore (Table 1)? To answer this question, we performed another calculation

(about 3 min on the Cray-1, 33 min on the Cyber-750) with this change to the
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sim nlistic kinetmatic expectation, we did niot obtain a Iaigt-r c simply as a result

of alt initially-laiger" southward IIll1 cornponent. Figurc B)( a) shows that the
maii itubl,s of" the two maxima are reduced below the 10 t9 See thr10shold

that }bad otherwise b,.,n broached in Figure fi(n). )n the. other hand, VI30  ,as

incteascd by mo re than an order of magnitud, which would be in aureeinent with

a kiriniatic inte p retat ion that is not depend, nt upon a realistic evolution and

kinkitig "of th,. [Alt ' . I
1

(o ) , 
1 , ' " (b) A WEST OF CM (c) WEST OF CM H

.. . . .. . . . . . . .

I * .

U.iqur, 139. :nrgy Flux Parameter, E, and the Product VB 0 at 1 AU For the
(Cas .: V s  3000 kni sec

- 1
, 6t 5400 see, Big, 10 nT (Instead of 1 nT, as

~se.d I?arlier). (a) CM, (b) 33
0

W of CM, and (c) 901W of CM I

This latter point concerning the evolution of the IMF brings us to our final

comments regarding the earlier "magnetic cloudI discussion. We cross-plotted

the IMF components against each other (without performing a minimum variance

computation in this early exploratory work) for the case V s = 3000 km sec
-
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a 180( otit ion lakes place.)
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Fi1gure 1310.* Polar Plots of IMF at 1 At', CA], F-or' the Case': Vs
3000 kmi sec-1 , 2lt -5400 see, 131) - 10 nT'. Note the scale change
between B and B31
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